A new system for studying mechanical activity of freshly isolated cardiac myocytes from up to four experimental groups simultaneously is described.
INTRODUCTION
The ability to study contractile activity of isolated cardiac myocytes under a variety of experimental conditions has led to significant understanding of myocyte function.
However, using the standard approaches, it has not been possible to conduct simultaneous experiments on more than one preparation of isolated cardiac myocytes at a time. In addition, it has been necessary to use separate specialized apparati for studying different aspects of myocyte behavior such as responses to electrical field stimulation, rapid changes in bathing solution composition, simulated ischemia, and reperfusion.
We have developed a simple experimental system for subjecting isolated cardiac myocytes from up to four experimental groups simultaneously to identical treatments.
This method allows for electrical field stimulation, rapid changes in bathing solutions, control of temperature, and simulation of ischemia and reperfusion, with measurements of the effects of such interventions on both populations of cells and individual myocytes.
light-dark cycle with free access to food and water. On the day of the experiment, rats were injected with heparin (1.0 IU/g body weight, i.p.) 30 minutes prior to euthanizing with CO 2 . Hearts were rapidly removed from the thorax, placed in a pre-weighed beaker containing iced perfusate (Joklik's calcium-free modified Minimal Essential Media containing 0.1% BSA) and then weighed with aortic stump attached (weights = 1.55 ± 0.03 g). Cardiac myocytes were isolated from the rat hearts using standard enzymatic-dispersal techniques (3 -5, 17) . Briefly, hearts were cannulated via the aorta for Langendorff-type constant pressure (40 mmHg) perfusion at 37° C with the perfusate passing through a gas exchange column to equilibrate with 100% O 2 . After five to ten minutes of non-recirculating perfusion to wash blood from the coronary vasculature, the perfusate was switched to one containing 0.7% (200 U/ml) collagenase (Worthington) and perfusion was continued in a recirculating mode (with ~60 ml of solution) until the vascular bed deteriorated as indicated by a doubling of coronary flow (usually achieved after 20 to 30 minutes).
Hearts were then removed from the perfusion apparatus, the tissue was minced and suspended in a beaker containing ~20 ml of fresh collagenase-containing solution.
Digestion was continued in the beaker placed in a gyrating water bath at 37° C for an additional ~20 minutes with CaCl 2 added after 10 minutes to a concentration of 50 µM.
The tissue digestate was then slowly triturated through a wide-tipped pipette several times to help separate the cells, filtered through cheese cloth to remove non-digested material, and cells allowed to settle out of the filtrate. After removal of the supernatant, the cell preparation was resuspended at room temperature and resettled in collagenase-free, calcium-free Joklik's solution containing 1.5% BSA. This step was repeated twice. Initial yield of myocytes was assessed at this point by determining the number of rod-shaped cells obtained per heart (average = 5.5 x 10 6 ). Initial viability of myocytes was determined as the % of rod-shaped cells in the total sample of cells that retained the ability to exclude the vital dye, trypan blue (average = 82 ± 1%). The cell suspension was then returned to the 37° water bath for calcium addition. This was achieved in five successive steps over a 30 minute period to a final concentration of 1.0 mM CaCl 2 . Viability was re-assessed at the end of this procedure (average = 61 ± 1%).
Following isolation, cardiac myocytes were settled and resuspended at room The solution was pre-gassed with 100 % oxygen. All preparations were stored at room temperature for at least 30 minutes before being loaded into the perfusion chambers.
All measurements were taken within 6 hours of myocyte isolation.
Multi-Track Suffusion System For Studies Of Myocyte Function
The new system for studying mechanical properties of isolated cardiac myocytes used in this study is shown in Figure 1 . Myocytes suspended in normal Tyrode's solution were drawn into micro-hematocrit capillary tubes which served as "test chambers" for evaluating contractile behavior. The ends of each capillary tube were attached via silastic tubing between two four-channel tubing manifolds. Specific bathing solutions were gassed in elevated reservoirs and could be selected for perfusion through the four parallel test chambers either by manually adjusting stopcocks or electronically by activating solenoid switches in the inflow tubing upstream of the test chambers. The outflow of the downstream tubing manifold passed through a 22 gauge needle that provided a resistance sufficient to maintain overall flow rate at ~ 6 ml/min.
The capillary tubes were viewed on the moveable stage of an inverted video microscope on either low (10 X) or high power (40 X) to visualize either populations of cells or single cells adhered to the bottom of the tubes.
When the temperature was to be regulated above room temperature (37° C or 27° C), the system was enclosed in a heatable, thermostated plexiglass and styrofoam case which fit over the reservoirs, the connecting tubing and the myocyte-containing capillary tubes above the microscope stage. The temperature was then adjusted to the chosen level.
The heated enclosure was actually a circular ductwork system that was mounted The arrangement allowed free external access to the microscope and stage controls.
Moreover, the rapid internal air circulation scheme greatly assisted in solving the difficult problem of maintaining a single constant temperature throughout any heated enclosure.
Myocytes were allowed to settle in the capillary tubes for about 5 minutes before Thus, the magnitude of the contracture has been taken to reflect the amount of calcium stored in the SR and the time course of subsequent relaxation has been taken to reflect the combined effect of all non-SR calcium removal processes in the cell (i.e., the Na/Ca exchanger, the mitochondrial uniporter and the plasma membrane Ca-ATPase).
In some of the experiments after measuring the first caffeine contracture of a given cell, the chamber was perfused again with normal Tyrode's solution and the cell stimulated as before for two minutes (during which time the contractile response returned to its previous steady-state characteristics). The bathing solution was then switched to one containing no sodium and no calcium and the field stimulation was taken to reflect the effects of the remaining calcium removal processes in the cell (i.e., the mitochondrial uniporter and the plasma membrane Ca-ATPase).
After these caffeine contractures of a given cell were recorded, the solution was switched back to normal Tyrode's and after a brief re-equilibration period (2-5 minutes), the procedure was repeated on other cells. Experiments reported here were conducted at 22°C.
Myocyte Responses under Conditions Simulating Ischemia and Reperfusion
This protocol was adapted from one described by Maddiford et al (12) in which isolated cardiac myocytes were exposed to low flow ischemia-mimetic conditions for various intervals with subsequent reperfusion. Our closed-system capillary tube arrangement allowed us to impose sustained periods of hypoxia and mimic true ischemia by totally stopping the flow while we continued electrical field stimulation of the cells. For these studies, capillary tubes containing isolated cardiac myocytes were initially perfused with well-oxygenated normal Tyrode's solution and myocytes were continually stimulated at 1.0 Hz at either 22°C, 27°C or 37°C. At the end of a 15 minute equilibration period, the capillary tubes were observed at low power (10X) for determination of the % of rod-shaped cells that responded to the stimulus. Specific cells in each capillary tube were identified and visualized at high power (40X) for analysis of contractile activity using video edge-detection methods.
After recording the steady-state responses of the myocytes under these control conditions, the solution perfusing the capillary tubes was switched to one that simulated ischemic conditions. This solution contained all the components of the normal Tyrode's solution except it had no glucose, no insulin, pH was 7.0 and argon was bubbled through the solution (for 45 minutes) to reduce the oxygen content to negligible levels.
Tubes were perfused with this ischemo-mimetic solution for 2 minutes and then the flow Table 1 . The average of responses from 6 to 9 myocytes was determined for each separate preparation of myocytes. The average initial resting length of myocytes studied was 126 ± 2 µ with no significant differences between groups. Not unexpectedly, as the temperature decreased, the extent of myocyte shortening in response to the field stimuli increased, the time course of shortening was prolonged and the maximum rates of shortening and relaxation slowed.
Population Responses To Field Stimulation
The intensity of the field stimulation directly influenced the percentage of rodshaped myocytes that responded. These studies were conducted at 22°C with stimulus duration at 7 msec and included 7 experiments with 137 ± 22 total myocytes monitored In experiments done at 37° C and 27 ° C, the % of myocytes responding to stimulus parameters of 70 V, 7 msec was 77 ± 3 % and 75 ± 2 %, respectively. In Responses of isolated cardiac myocytes to simulated ischemia and reperfusion were characterized at 37° C, 27° C and 22 °C. In preliminary experiments conducted at 37° C, it was apparent that the myocytes rapidly deteriorated when exposed to more than 45 minutes of simulated ischemia with the number of rod-shaped cells decreasing to very low numbers during ischemia and the remainder of the myocytes washing away upon reperfusion. Thus, the duration of simulated ischemia was limited to 45 minutes in experiments conducted at 37°C. When experiments were conducted at 27° and 22 ° C, the myocytes could easily withstand 90 minutes of simulated ischemia. Data in Table 3 show that, at all three temperatures, the total number of rod-shaped cells decreased during ischemia (due to cell death) and during reperfusion (due to washout). The percent of rod-shaped cells continually responding to the stimulus (70 V, 7 msec, 1.0 Hz) decreased during ischemia and recovered during reperfusion at 27° C and 22° C.
This recovery was not complete, however, when experiments were conducted at 37° C.
Characteristics of the contractile responses of individual isolated cardiac myocytes during simulated ischemia and reperfusion are shown in Table 4 . As can be seen by comparing the responses recorded before, during, and after the simulated ischemia at any one of the three temperatures, the amplitude of myocyte shortening decreased during ischemia as did the rates of contraction and relaxation. Furthermore, upon reperfusion, the rates of contraction and relaxation decreased even further. Some recovery of contractile amplitude was apparent in experiments conducted at 22° C but none was apparent at 27° C and there was actually a further decline in contractile amplitude in experiments conducted at 37°C . Under the conditions used, there were no observed changes in myocyte resting length during ischemia or reperfusion.
To determine whether the decrease in percentage of myocytes responding during ischemia was a result of altered sensitivity to the stimulus, experiments were conducted in which responses to altered stimulus intensity were investigated at specific time points during ischemia and reperfusion at 22°C. In these experiments, the steadystate stimulus intensity was set at 50 V and, at the intervals shown in Figure 3 The data obtained using this system are similar to those reported by others. The amplitude and rates of myocyte shortening and relaxation obtained in this study under control conditions (Table 1) are within the same range as those obtained by others using open chambers with myocytes attached to the bottom or to coverslips placed in the chambers (1, 7, 8, 11, 20, 23) . Rapid application of caffeine in this study evoked alterations in magnitude and rates of contraction/relaxation of myocytes ( Table 2) that were similar to those obtained by others using a micropipette placed near the myocyte being evaluated (1, 13, 14, 20) . Simulation of ischemia in this study suppressed myocyte activity and reperfusion resulted in incomplete recovery of responsiveness and contractile activity (Tables 3 and 4 , Figure 3 ). Although the magnitude of the responses to simulated ischemia and reperfusion depend greatly upon the species, the duration of the ischemia and the specific testing conditions used, the results of the present studies show similar patterns to those reported by others who used low-flow hypoxia (with solutions that mimicked ischemia) followed by reperfusion with welloxygenated physiological salt solutions (6, 7, 11, 12).
These studies provide base-line information about the effect of changes in temperature on basic contractile properties of isolated rat cardiac myocytes (Table 1) .
These data are similar to those reported for rabbit and ferret cardiac myocytes (14) , in which under control conditions, the amplitude of shortening increased and the rates decreased as temperature decreased. In addition, the present study indicated that changes in temperature did not influence the ischemia-induced decrease in percent of myocytes responding to field stimulation (Table 3) or the proportional alterations in the ischemia-induced decreases in contractile amplitude and rates of shortening and relaxation (Table 4) . Recovery of myocyte responsiveness to stimulation and amplitude of myocyte shortening during reperfusion were better at 22° and 27° C than at 37°C (Tables 3 and 4) .
A number of techniques have been devised for rapidly changing the bathing solution of isolated cardiac myocytes (1, 10, 18, 19) , These have all involved placing a single-or double-barreled micropipette within a few micrometers from a single myocyte and observing various physiological responses (e.g., myocyte shortening, intracellular ion transients, membrane potential alterations) to either squirting substances directly onto the cell or to changes between two solutions flowing over the cell. The technique described here is not useful for studies of membrane potential with micropipettes because the perfusion chamber is glass enclosed. However, it is useful for applying rapid changes to a single cell within milliseconds without disturbing flow patterns across the cell as well as achieving rapid changes to an entire population of cells within a second.
Limitations of this system are similar to those of other systems used to monitor cardiac myocyte behavior. First, the firmness of the adherence of the myocyte to the underlying material (glass, in this case) will influence the magnitude of shortening of the cell such that the actual contractile ability is difficult to discern. Second, selection of which particular cells to study among the wide variety of sizes, shapes and contractile responses that are present in any given experiment is a concern for any experimental protocol using isolated myocytes. In this system, it is possible to mark a position of the test chamber and return to a given cell to compare its responses under a variety of extracellular conditions. With each cell as its own control, variability that might arise from comparing effects of a given intervention using populations of cells can be We have successfully used this technique to assess contractile properties of cardiac myocytes isolated from hearts of rats chronically treated with the anti-neoplastic agent, adriamycin, and to compare these properties with those of sham-treated rats (5) The ability to do side-by-side myocyte isolations and contractile evaluations has greatly simplified the conduct of these experiments.
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